Summary. Uninterrupted development of rabbit embryos in vivo was studied in 7 superovulated and 7 normally ovulating (GnRH-treated) 
Introduction
The development of preimplantation rabbit embryos in vivo is characterized by a very rapid cell division rate and increase in mass during the first few days after conception. The length of the cell cycle averages only 8-9 h during this period, with the embryo just before implantation on Day 6 consisting of approximately 80 000 cells (Daniel, 1964) and reaching a diameter of 3^4 mm (Alliston & Pardee, 1973) .
Despite much work to define amino acid, vitamin, protein, and other nutrient requirements of rabbit embryos in vitro, development in culture is retarded compared to that observed in vivo (Seidel, 1976; Binkerd & Anderson, 1979; Fischer, 1987; Kane, 1987) . As further refinements in culture techniques are made, the question arises as to what constitutes appropriate criteria for measuring improvements in embryo growth rate. The few quantitative data on early embryo devel¬ opment in the rabbit only describe development following natural matings (Adams, 1958; Daniel, 1964 ; Alliston & Pardee, 1973 ), yet most embryos used for culture are recovered from superovu¬ lated famales. Also, few specific controlled comparisons have been made of the effects of flushing oviducts and uteri or of washing embryos in simple salt solutions on embryo development. Superovulation and embryo flushing both could have a negative impact on subsequent develop¬ ment. Therefore, it is important to partition these possible effects from culture effects when com¬ paring growth rates in vitro and in vivo and to design protocols that avoid or minimize these potential effects.
This study was designed to compare early development of embryos (a) remaining undisturbed in the oviducts of normal and (b) superovulated rabbits, or after (c) flushing and culture or (d) flushing and immediate transfer of embryos to pseudopregnant recipient does. Embryo volume, number of blastomeres and morphology were measured to provide a quantitative assessment of the effect of these procedures on early rabbit embryo development. These data were used as a baseline to compare development of rabbit 1-cell embryos co-cultured with rabbit oviduct epithelial cells.
Materials and Methods
Animals and experimental design. Twenty-five sexually mature Dutch-belted rabbits, housed individually under con¬ stant environmental conditions (12 h light: 12 h dark, lights on at 07:00 h, 17-22°C), were used to provide embryos which were treated as shown in Fig. 1 A parallel study of the effect of superovulation on embryo development was done in 7 other does which received FSH-P (Schering, Kenilworth, NJ, USA) and LH (Vetrepharm, London, Ontario, Canada) as previously described (Kennelly & Foote, 1965) . These rabbits were also inseminated at the time of LH injection, and embryo development was allowed to proceed undisturbed until 84 h after LH. Does (N = 7) in a third group were superovulated and inseminated and their 1-cell embryos were recovered at 19 h after LH to compare development in vitro as well as following immediate transfer to recipients. These 1-cell embryos were surgically collected by retrograde flushing of oviducts (Kennelly & Foote, 1965) Blastocysts were classified as 'expanding' when their intrazonal diameters had equalled or exceeded 134 µ , this being a point where embryos had clearly thinned zonae pellucidae and mucin layers. Embryo volume was calculated from the diameter (D), using the formula Volume = 1/6 3, with the assumption that the embryos were spherical in shape. The number of blastomeres per embryo was determined by staining embryos for 3 min with the DNA-specific fluorochrome Hoechst 33342, using a 3-min pre-stain with 01% trypan blue to quench fluorescence of sperm heads embedded in the mucin coat (Pursel et al, 1985) . Accurate counting of nuclei at 500-800 magnification was facilitated by the use of an ocular grid. The presence of pycnotic nuclei and mitotic figures was also noted.
Culture conditions. Primary cultures of rabbit oviduct epithelial cells were obtained by a modification of methods described by Black et al (1985) and Fairchild (1987 The culture medium was serum-free Medium 199 containing Earle's salts (GIBCO, Cat. No. 400-1100EB) and was supplemented with 5 µg insulin/ml, 5 µg transferrin/ml, 5 ng selenium/ml (CR-ITS Premix, Collaborative Research, Bedford, MA, USA), and 10 ng epidermal growth factor/ml (Collaborative Research) as described by Black et al (1985) . Then Fraction V bovine serum albumin (Sigma, Cat. No. A-9647), 15 mg/ml, was added to the medium when it was changed at the time of embryo addition on Day 4. The pH of the culture medium was 7-3-7-4 after equilibration in an humidified atmosphere of 5% C02 in air at 39°C. Embryos were cultured under these conditions for 65 h, and the embryos then 84 h old ( 19 h precollection + 65 h culture), were measured and fixed.
Statistical analysis. Data in Table 2 were obtained from 21 different rabbits (7 per treatment) and treatments were compared using a series of unpaired t tests. All data for blastomere number, intrazonal volume, and volume of the embryo with its coverings were transformed logarithmically, while proportional data were subjected to the angular transformation (Zar, 1984) . The raw data were used to analyse mucin thickness.
The data summarized in Table 3 were obtained from a single group of 7 rabbits. One-cell embryos were randomly assigned by donor to each of the 3 treatment groups. Any 1-cell embryos which were later determined by nuclear staining to be unfertilized ova were excluded from the analyses. Two-way analysis of variance was performed, using the general linear models procedure of the Statistical Analysis System (SAS Institute, Cary, NC), with individual means compared using protected Fischer's least significant difference tests (Snedecor & Cochran, 1980 " "Significantly different (P < 005).
Effect of co-culture
Rabbit 1-cell embryos co-cultured with rabbit oviduct epithelial cells achieved significantly (P < 0005) higher cell numbers than did embryos grown in Medium 199 without such cells (Table  3) . After 65 h, co-cultured embryos were already an average of one cell division cycle ahead of embryos in culture medium alone, or, viewed from another perspective, had an average cell cycle time which was nearly 2 h shorter than that of embryos cultured without epithelial cells (Fig. 3) . Values shown are means ± s.e.m.
•Rabbit oviduct epithelial cells. tRepresents same embryos as in Table 2 . However, means shown were calculated by donor, as done in the ANOVA.
•"Significantly different (P < 005).
Other criteria measured were not affected by co-culture ( (Table 3 ). The 65-h time period was chosen to approximate the time embryos normally reside in the oviduct. When allowed an additional 24 h in vitro, 80-90% of the embryos formed blasto¬ cysts in both treatments (data not shown).
Comparison of development in vivo and in vitro
To gauge possible improvements in embryo culture, development of embryos cultured with oviduct epithelial cells was compared with that in vivo. Embryos flushed at 19 h after LH and transferred to pseudopregnant recipient oviducts were used because they originated from the same superovulated donors as the embryos which developed in vitro and were subjected to the same flushing and washing procedure. Embryos cultured in Medium 199 plus epithelial cells had more cells (P < 005) than did embryos cultured in Medium 199 alone, but embryos immediately trans¬ ferred to oviducts were superior (P < 005) to embryos remaining in culture for most of the measures made (Table 3) . Blastomere counts revealed that transferred embryos were approxi¬ mately 1 cell cycle ahead of co-cultured embryos and 2 cell cycles ahead of embryos in medium alone (Fig. 3) . The large deposition of mucin and the consequently increased volume of the embryo with its coverings contrasted sharply with the mucin-poor state of embryos in culture. Although the actual percentage of total blastocysts formed was higher in vivo than for either in vitro group, differences did not reach the selected level of statistical significance (005 < < 010).
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Discussion
The purposes of this study were to partition superovulation effects, embryo recovery effects and culture effects on subsequent development of 1-cell rabbit embryos in vivo. This information was used to compare development in vitro after controlling for these effects. Although these two exper¬ imental procedures are commonly used by embryologists, the effects of these procedures appear to have been ignored or assumed to be innocuous. The establishment of control data which describe development up to the time embryos leave the oviduct and enter the uterus is especially important to anyone studying developmental requirements of preimplantation embryos in culture.
The first step taken was to collect data on a variety of measures for uninterrupted in-vivo development of oviducal-stage embryos obtained from GnRH-treated, artificially inseminated Dutch-Belted rabbits from our colony. These data (Table 2 ) agree very closely with those provided by other workers using naturally mated New Zealand White or cross-bred rabbits (Adams, 1958; Daniel, 1964; Alliston & Pardee, 1973 Many workers have attempted to determine the normality of superovulated embryos (Maurer et al, 1968; Fujimoto et al, 1974 ; see Foote & Ellington, 1988 , for review). Fujimoto et al (1974) noted an increased incidence of chromosomal abnormalities in rabbit blastocysts collected from does superovulated with PMSG and hCG The abnormal embryos also had lower mitotic indices, but no obvious differences in the gross appearance of superovulated or control embryos were observed. Direct effects of superovulation were also noted in our study, in that intrazonal volumes were significantly reduced in embryos from both groups of superovulated donors in comparison to embryos from control donors receiving GnRH. Superovulation may also affect embryos indirectly via its effects on the female reproductive tract. In the current study, cell numbers of embryos removed from superovulated donors at 19 h after LH (one-cell stage) and immediately transferred to non-superovulated recipients tended to be higher than in embryos residing continuously in superovulated does. In superovulated cattle, the incidence of abnormal embryos increases as the time interval between insemination and collection increases (Boland et al, 1978) . One possibility is that superovulation accelerates embryo transport rate (Hawk, 1988) , resulting in their premature arrival at the uterus. The deleterious effect of trans¬ ferring oviducal-stage rabbit embryos to the uterus before their normal time of entry is a well documented phenomenon (Chang, 1950; Adams, 1979) .
In general it appears that superovulation with FSH/LH to produce rabbit embryos does have certain adverse effects on embryos, manifested by decreased embryo volumes and slower rates of cell division. Although these effects are not drastic, the data demonstrate that the developmental potential of embryos recovered from superovulated donors does differ from that of non-superovulated females. However, recovery of embryos from superovulated donors at an early stage of development minimizes these effects.
Embryo flushing also appeared to influence embryo development to a small degree. Deposition of mucin on flushed embryos returned immediately to the oviduct was significantly lower than in undisturbed embryos, even though the flushed embryos were only outside the oviduct an average of 35 min. The kinetics of mucin secretion following ovulation are not well understood, but perhaps embryo flushing at 19 h after LH coincided with a period of maximal mucin release. Another possibility is that the surface of the embryo becomes less adherent to mucin after exposure to the polyvinyl alcohol in the flushing medium. Nevertheless, the smaller amount of mucin did not alter the rate of embryo development.
The reason for the lower recovery rate of embryos from does receiving embryos transferred surgically cannot be known with certainty. Whether some embryos were rapidly expelled into the peritoneal cavity or through the cervix could not be determined. The induction of anaesthesia and surgery in recipients 65 h earlier may have been contributing factors.
Fischer et al (1988) have shown that the uptake of tritiated thymidine by 1-day-old rabbit embryos is significantly reduced by exposure for 60 min or more to visible light. Our results showed a slight, non-significant reduction in cell numbers in response to exposure to room conditions for 27-50 min. Embryo flushing and handling are therefore potentially deleterious to the 1-cell rabbit embryo, but significant damage can be avoided by minimizing handling time.
A clear benefit of co-culture with rabbit oviduct epithelial cells was observed when the rate of development in vitro was compared in the presence or absence of epithelial cells in primary culture (Table 3) . None the less, co-cultured embryos were still inferior to embryos developed in vivo on the basis of several criteria evaluated, even after controlling for the effects of superovulation and flushing. This indicates that embryo culture conditions do not match the oviducal milieu in their ability to support embryo development.
Co-culture has been shown to improve in-vitro development in several species (reviewed by Rexroad, 1989) , but more work is required to determine whether oviduct cells secrete specific embryotrophic factors or whether a non-specific feeder cell mechanism is operative. Other studies we have conducted (E. W. Carney, C. Tobback & R. H. Foote, unpublished) indicate that coculture improves development of embryos compromised by culture in suboptimal media or other procedures, but that, in an improved medium, the effect of co-culture is less obvious.
In conclusion, these experiments provide new quantitative data for several measures which describe rabbit embryo development at the time of its entry into the uterus under natural and experimental conditions. Zygotes obtained from superovulated animals develop at a slower rate than embryos formed in non-superovulated controls, but this effect of superovulation can be mini¬ mized by early removal from the FSH-stimulated environment. Although we have demonstrated certain negative effects of superovulation and embryo flushing, it is clear that the major factor responsible for the developmental retardation observed in cultured rabbit embryos is the suboptimal nature of the culture conditions themselves.
